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Abstract 

Future NASA Hlissions for Moon and Mats will require tolerant e l e c ~ o ~ c s  to work 
under extreme t e m ~ e r ~ ~  ~ ~ o ~ ~ ~ *  We present experimental results with bo& re- 
configurable analog md re-codigurable digital devices operating btween -194OC and 
+12Q"C. The re-confprable d o g  devices tested were the ~ L - ~ ~ ~ e l o ~ ~ d  Field 

 le digital devi= tested 

operated successfully within this elongated temperature range. While previous evolvable 
~ d ~ ~ e  e q e e n t s  under extreme temperature environment involved recoaa%iguration- 

recovery of analog FPTA, the interking digital dah-ormics that had the 
algorithm running on &em were kept at room tempmatwe. The results 

point us to combine the analog an8 digital hardware for operafion under an elongated 
~ e ~ p % ~ a ~ r e  range. 

Tramistor h a y s  @PTA), 
Pro - a X i l h  Field Pro 

Future NA§A missions to Moon, Mars and Beyond will face Extreme ~ ~ ~ r o ~ ~ ~  
(EE), ~c~~~~~ environments with large temperature s d g s ,  such as between -180°C 
md 120°C at the initial landing sites on the Moo% low temperatures of -220 "C to - 

the polaa/ci-ater Moon missiopns, and -180°C for T i m  in-situ mission. I3i 
of460 *@ tail1 be encountered for Vmw Sdm  lor^^^ a d  S 

R e m  mission. High radiation levels will be faced for Jupiter's Moons missions: 
Total Ionizing Dose (TID) for Ewopa Surface and Subsuaface mission. These 

extreme e n ~ ~ ~ ~ t $  induce drifts, degradation, or darnage- into electronic devices. 

The amen$ approach for space electronics designs is to use ~ ~ ~ ~ ~ H l i ~ i ~  range 
ekca~canics ~ r o t ~ c t ~ d  through passive (insulation) or active thermal control, sand hi& 
weight shielding for radiation F ~ U C ~ ~ O E .  This adds to i d l e  weight and vo3me> 
c o m ~ ~ ~ ~  by power loss, md additional cost €or &e mission More ~ ~ o ~ ~ ~ ,  as 
missions will target operations with smaller instruments/rovers md operatiom in areas 
without soka ~ X ~ Q S U R ,  these approaches became infeasible. Zn maply cases the 
electronics must be collocated with the sensor or actuator in the extreme ~ ~ ~ ~ o ~ e n t ,  
without the option O f  being insulated or shielded properly. Therefore, d e ~ ~ l ~ ~ ~ ~  EE- 
electronics wodd h v e  several ad\rantages including lower costs, less power, and 
offering in some cwes, the only reasonable solution. 



2 

~ n v e n ~ o n a ~  approaches to Extreme Environment Ekctronics hciude hap.cdening-by- 
process (HBP), ;.e. fabricating devices using materials and device designs with higher 
tolerance to EE, (e.g using special materials like Silicon Carbide for high temperatures, 
or Silicon-on Insulator for radiation). Another promising approach is bmlenifig-bp 

(HBD), i.e. use of  special d e s i ~ c o ~ ~ ~ ~ ~ ~  schemes. For example, circuit 
techniques, such as auto-zero corredion, are used to alleviate theproblem o f  the 
(temperature dependent) offset voltages in Operational Transconductance Amplifiers 
~~~~~ operated & low t e ~ ~ a ~ ~  [I]. Both these hardeeg ~~~~h~ are limited, in 
particular for malog ekctronics, by the fact that current designs are Exed and, as 
components are affected by EE, these dr ih  alter functionality. 

A recent approach pioneered by P L  i% to mitigate drifts, depd&ion, or damage QI)L 

ekxtronic. devices in EE by using re-comfigumble devices and an adaptive self- 
recorafiguratkn of circuit topolo This new approach, referred here as hardening-by- 
r ~ ~ ~ i ~ a t i o n  (WSR) mitigates ifts, degradation, or damage on electronic devices in 
EE by usin e devices and an adaptive self-reconfiguration of circuit 
topology. In device pavameters change in EE, while devices still operate 
(albe% on a different point of their characteristic) a new circuit design, suitable for new 
parameter values, is mapped into the r e e o n ~ ~ F ~ b l e  systcem over the initial circuit 
~ c t ~ ~ ~ ~ i ~ .  Partly degraded ~ u r c e s  are still used, completely damaged 
resources are bypassed. The new designs, suitable for various envirunmen~ conditions, 
cm be d e ~ e ~ ~ ~  prior to operation or ~ e t e ~ ~ e d  in-situ by reconfguration algorithms 
running on a built-in digital controller. 

The scope SP this paper is on HBR for ~ Q w - ~ ~ a ~ ~ ,  since other studies have been 
performed for hi& temperatures and &ion mvironments [2]. The ~ ~ l i c ~ i ~ n  here 
described encompasses the separate testing of the whole Evolvable Hardware system 
~ ~ o ~ ~ t ~ o ~ ~  Processor 3- Re-configurable chip) at low temperatures, following the 
assumption that the entire system will be exposed to the space EE. In the experiments, 
we demonstrate the evolution and recovery of circuits at liquid nitrogen temperatures (- 
396.6OC) a d  verify the operational ~ ~ i ~ t i o n  of the evolutionary processor at low 
temperatures. This adds to ow previous experiments where only the re-configurable chip 
was exposed to EE [2J 

The Std-Alone Board Level Evolvable (SABLE) system 131 designed by JPL is used in 
the experiments described in this paper. This system is constituted by a DSP working as 

evolutionary processor aadd a recdpfigurable mixed signa! chip, the FP'GA. Section 2 
oftlhis paper overviews the SABLE system. Section 3 describes the experiments and 
seetion 4 concludes &e work. 

Qvehew of SABLES 

SABLES integrates an FPTA and a DSP implementing the Evolutionary Platform (EP) 
as shorn in Figure 9. The system is stand-alone and is connected to the PC only for the 
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.I FPTA 

purpose sf receiving specifications and c s m ~ c a t i n g  back the results of evolution for 
andysis [3]. 

I Board I 

Fig. $, Block diagram of a simple stand-alone evolvable system. 

'fhe FPTA has &ansktor level r ~ o ~ ~ a b ~ i ~ ,  consistkg of an 8x8 may of 
r e ~ o ~ ~ ~ ~ e  cells. Each cell has a transistor may as well as a set of other 
p r o g r d l e  raources, including programmable resistors and static capacitors. Figure 
2 provides a detailed view of the reconi3gurablie transistor array cell. The recormfigurabfe 
ckcuh-y consists of 14 Itpansistors ~~rmnected  through 44 switches and is able to 
implement differeat budding blocks for &og promsing, such as ~ W Q -  and three- 
OpGmps md Gaussian c ~ ~ p u ~ t i o ~  circuits. Details of the FPTA-2 can be found 
elsewhere [2,3]. 

The ~ ~ o ~ ~ t i o ~ ~  algorithm is implemented in a BSP dk&ly con&& the FpTph-2, 
together forming a board-level evolvable system with fast internal c o m ~ c a t i o n  
ensurd by a 32-bit bus operating at 7 . 5 M - k  Details of the EP were presented in [4]. 
Over €our orders o f  ~~~d~ sp&-up of evolution was obtained on the FPTA-2 chip 
compared to SPICE s~ulatiOns on a PentiUnn processor (this p ~ ~ o ~ ~ ~  figure was 

I 

obtained for a circuit with approximately I60 trmsist&; 
increases with the size of the circuit). 

the speed-up e 

Figure 2: Schematic of the FPTA-2 Cell. 
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Low ~~~~~~~~~r~ Experimeats 
This paper focuses on ~ l o ~ d i g ~ ~ ~  electronics at low-temperatures 155. The 
experiments cover separate tests of the whole Evolvable Hardware system: the 
Evolutionary Processor (the DSP irn the SABLE system), Xilm V&ex lX Pro FPGA 
evaluation board, and the Reeonfugutable mabg m y  components tested at  OW md 
high temperatures. 

Previous eqeriments focused exclusively on the tests ofthe FPTA chips at extreme 
e n v ~ o ~ e n ~ .  However, no tests have been reported so far on the behavior of the 
Evolutionary Processors (EP) at extreme envkonments. This particular experiment 
focuses on low-temperature characterization of the DSP working as the EP. 

A 320C6701 DSP was tested in a board fabricated by Innovative Integration (SBC62). 
The board communic&es with a PC through a JTAG connection. During the test only the 
DSP board was placed on #e low-temperature chamber: the PC and the JTAG were 
outside. "be FmA chip was not used in this arrangement. 

The DSB was tested by running a simple GA whose target was a simple: opthhation 
problem @he maximization ofthe number of ' 1's in ;the chromosomes). This problem is 
solved irt less than 1 minute, a&m 464 generations. The GA results are deterministic, Le., 
the same far each run. 

The temperature of the chamber/test article has been driven to 0°C with a scan rate of 
5'Chin & Q ~ S  room temperature. The dwell t h e  at 0°C temperatwe was for 8 minutes 
and ebctricd measurements were made during this time. Later9 the temperature ofthe 
chamber has driven to -30°C, -60°C, -9O*C, -120'6 at a scan rate of 5"C/mh and 
electrical ~ ~ § u r ~ m e n t s  were made respectively during the dwell (Figure 3). 

A F a k e  was observed during the testing at -120°C step. E lec~ca l  measurements were 
made at -90°C again and the DSP regained its chwteristics. This procedure was; 
repeat& again: the temperature was driven to -90"C, -IOO"C, -1lO"C band -120°C to 
n ~ ~ o w / ~ d e n t i ~  the temperature range where it i8iled. The dwell time at each 
t e ~ p ~ ~ r e  was for 5 minutes md electrical measurements were made during this time. 
The DSP was hnctioning at -90"C, -1OO"C, and -IlO"C. The failure was w i n  
observed during the testing in a temperature range of -I 10°C to -12OOC. During the 

SB did not communicate with the P C  The BC-DSP c o m ~ u ~ ~ t i o ~  link was 
the only means to read out the DSP ~utputs in this e ~ ~ e n t .  
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Figure 3: Temperatwe Profile in the DSP Test. 

The low t a p e  testbed for these experiments useid liquid nitrogen, estiiblishing a 
t e ~ p ~ ~ ~ ~ e  of -196.6T. In order to study the effect of low temperatures on the FPTA 
device only (he DSP was at room ~ e m p e ~ a ~ e ~ ~  the chip was placed on a separate boad 
that was immersed i n t ~  liquid nitrogen. This setup did not allow a control for 

between room ambient and liquid nitrogen as described in &e 
. Astandslrd ceramic package was used for the chip. A Mf-wave 

rectifier was then evolved at -196.6OG with the following wtup. 

The Gtr~ess faanseion given below d m  a simple sum of errors betweern the @get fimn6;tion 
and the outpup from the IFPT'A. The input was a 2 lrNz excitation Sine wave OP 2V 
amplitude, while the target waveform was the rectified sine wave. Tbe fitness function 
rewarded those individuals exhibiting behavior closer to tanget (by using a sum of 
diffFereaGes between the response of a circuit and the target) and ~~~~ those 
from it. ne fitness fiml3iorn was: 

where R(&) is the circuit output, $(a) is the circuit stimulus, n is the n m b a  ofsampkd 
Q U ~ ~ ,  and vmx is 2v (the supply voltage). The output must fohw the input during 
h d f q c k ,  staying constant at a level of half way between the rails (1 V) in the other half 

er the evaluation of 100 individuals, these were sorted according to fiMess aad a 9% 
(elite ~~~~~~e~ portion was sd aside, wMe &e r e m a g  individuals underwent 
crossover (70% rate), either among themelves or with an individual from the elite, and 
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then I ~ U ~ & ~ O R  (4% rate). The entire population was then reevahated. The experiment 
used 2 cells and was run for 300 generations. 

"he oscilloscope caption is shown in Figure 4a. "his was not a robust solution (and it 
was not even expected to be, since evolutionary dgo 
fitness function, to respond to ap1 entire tempemtwe range) and when taken out to room 
tempmature the response deteriorated as shown in Figure 4b. 

was not asked, 

~ v ~ l ~ ~ d  at -19QC (A); ~ o ~ u ~ o n  i s  not robust and d 
room tempemtare (B). An e ~ ~ o ~ ~ t a ~  noise signal is a h  present at 

the circuit input. 

A NOR gate was evolved at -196~5°C using the m e  method described in section 3.2. 
Two FlpTA cells were used and the experiment processed 100 individuals along 308 
generations. Figure 5.a sbws the oscilloscope picture of the evol 
196,6"C. The m e  solution was tested at mom temperature using mother FPTA chip, 
 rod^^^^ 8n almost identical behavior (Figure 4.b) apposing to the rectifier case study. 

Figwe 5. NOR c h i t  wived  md tested a$ -194.6 C @); the same circzrif WQS tested 
success@EZy G@ mo temperature p). Art ~ ~ v ~ m ~ ~ n t a l  mise is also present at the 
circuit bagut. 
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Four cells ofthe FPTA were used to evolve a controllable oscillator. This cirwit receives 
a digital input and it should oscillate when the input is at one digital level (either ‘0’ and 
‘1’) and stay at ground for the other level. Initially, a ~ ~ ~ o ~ ~ a b ~ ~  oscillator was evolved 
at room tmperaiwe, the circuit behavior being depicted in Figure 6.a The circuits 
outputs a 70wl[z she wave (wgh a small degree ofhmonic  mmponents) when the 
input is ‘0’. When the same circuit is tested at -196h0C, it can be observed a distortion 
(increw in hamnonics) at the output (Figure 6.b). 

b; 4.1W 
8 -€@fV . . . .  .... ................. . _ . .  . . . .  . . . .  . . . .  . . . .  __- _-.--__.-- ~ 

, . . .  . . . .  
. . . .  . . . .  . . . .  . / . .  

,%%- 

Figare 6: Evolved controHable oscillator at room temperature and deteriorated response 
at -196.6’C. 

le oscillator was evolved again at -196.692, the respame being displayed 
in Figure 7. It can be observed that the output distortion largely removed. Fra addition, 
evolution found a circuit that oscillates for a high level input, opposing to the room 
temperature solution. 

A; 4.lSV c: - 2 N V  

. . . .  . . . .  . . . .  . . . .  - 

Rgwe 8. Evolved controllable oscillator at low temperature. 
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The prototype Xilinx's comercid board (Virtex II Pro) was used to evaluate FBGA in 
ow tests. The board was powered by 3 independent power supplies (3.3%1, 2.5V and 
1.5V DC). The 3.3V (Vcc-am) powered the electronics in the board. The 2.5V (VCCS 
md MGT-VCC) provides power to IWs, banks, and Rocket a/O traasceivers. And the 
1 .SV (Vcore) supplies voltage to the FPGA Core. 

The objective of this test was to learn survivability of the Virtex II Pro and its FPGA 
device (XC2VP20-FF1152BGB0325) under extreme temperatures. In OUT tests the b o d  
was taken &om room temperature to +120°C md room temperature to -191'G with a 
ramp safe of SoC/mh. The chamber was set to various temperatures and stab3ized at a 
set temperature and the board WBS tested during dwell time at the set temperature. 

As discussed in the first test, a few ~~~~~~~ were d e  to the prototype board. One 
such change was to use a generator to replace the crystal oscilators (See Figure 
9).The signal generator sted at I00PvB-k with a D.C. offset of 500mV. This 
change was necessary to prevent any noise interference due to temperature fluctuations. 

Program Switch were brought out using push buttons (See Figure 7). 
The Reset switch $low the logic in the board to be reset aRer configuration. me 
Program Switch loads for the first time the program fkom the PROMS into &e FPGA 
aRer conliguration. In addition to the discussed changes, a new modxfication was added 
to the boad for this test. The cLocks were wired indqendeandy in the ~ r o t o ~ i n g  Area 
ofthe board md their outparts were brought out to an Oscilloscope to see how mu& the 
signal was distorted. Test results are presented and discussed in the following pages. 

Ent 
Proaram 

Figure 7: Optical photograph of Virtex u[ Pro evaluation board 

~~~~~~n~ The equipment used to provide pwer  and measurements for this test are 
Fluke 87 III DMhrl, HP 8ffOA 15Oh4H.z Pulse genepator, one HP6HPA D.G. Power 
supply, two Agilent E3633A D.33 Bower Supplies, one AMS03B Current Probe 
Amplifier, 2 Oscilloscope Tektronix T1I4S3054B Scope SOOMh  ne to monitor the 
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clocks behavior, and the other one to read the in rush w e n t  of the FPGA care), and a 
Fluke 5211 Thermometer with 2 ‘“3’’ type thermocouples; these in addition to the 
thermocouple in the chamber (TO). To monitor the FPGA’s temperature one of the 
tllemocouples was 
second themocouple was taped to the board T1. Also a small “Hello World” program 
was used t~ monitor the performance of the FPGA using Hyper-temrinal to display it. 

to the heat sink case and this measurement is call “TZ” 

Low Temperature Test: The following values were measured before the test at room 
temperame and it was also tested in the chamber prior to closing. The values below 
were very constant in and out of the chamber (these are not power-on/tramient values). 

1. v = 3.3v at 140mA 
2. V = 2.5” between 35mA md 41Imk 
3. V = 1.5V st 221rWl 

The first test that was done by lowering the temperature of the FPGA evaluation board. 
See Figure 8 and 9 for chamber set up. 

Figure 8: FPGA Evaluation board in the chamber; Figure 9: TO thermocouple in the 
&amber. 

The test was stated and the chamber was closed with the board greeting the world and 
waiting for temperwe to drop to its set temperature. The temperatwe began to hop 
from ambient (25°C) to 0°C. Once it reached the set target temperature it dwelled there 
for 5 minutes before descending to the next set target temperalure. Measurement of the 

s a d  
also the power cycling test was perfomd. The board was reset md it had worked. 
Then it was powered Off a d  On to make sure that it still worked. This test was 
performed all the way down to -120°C very successfially. Figure 10 shows the V,,,, In 
Rush current measwed at room temperame. 

3 ~ ~ ~ o c o ~ p l ~  and voltages were recorded ail through out the temperatme 
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Figure IO: V- In Rush cunmt at ambient temperature 

Tmpwatwres TO = 0.4"C T I =  0.5"C and 
w = 3.3V at 110mA. V = 2.51' at 4lmA 

T2 = 0.8"C 
V = I.5V at 2101~~4. 

The wxt ~~~~a~~ ia the 
Voltages parameter were as follow: 

was -28°C. Recording for &e Temperature arad 

T ~ I X G ~ ~ U ~ C S  TO= -19.8"C TI = -19.6"C a d  
v = 5.3V al PIOmA. V = 2.5V at 4Irmh 

T2= -193°C 
V = 1.W at 218m.A. 

Next temperature meas 
,Tempemrhues TO = -40°C 
V = 3.3v d ll0mk 

TP = -40.3"C anrd 
V = 2.5V at 41mA 

Next temperature measured was -6QOC. 
Temperatures TO = 60.1"C TI = 60.3'C and 
v = 3.3v at IlOmA. V = 2.W at 41mA 

T2= -39.8"C 
V = 1.SV at21OmA 

T2= -59.8"C 
v = 1.5V at 21omA. 



T w a a W e  TO = -77.3"C T1 = -77.8"C and 
V = 2.W at 4lm.A v = 3.3v a ll0mk 

T2 2 -77.8"C 
V = 1.5V at 210mA. 

Next ~~~r~~~ memured was -120°C 
Tempmrne TO = -121.'PQC TI = -1222°C 
v = 3.3v at 11BmA. 

and T2 = -12O.li"C 
V = 2.5V at 39- V = 1.SV att2lOmA 

Since: it was not known whether &e board w ~ d d  succes&Iy reset and pass the Power 
test, it was decided to reset first and then cycle the power to veri@ validity of 

ahis test. At this particular temperature both worked. 

T2 = over haded 
v = 1.w ti4 21orm9. 

l-2 = -120.1"C 
Q = 1.5Q at 210& 
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Those were the readings until the b o d  was powered down and failed to come back with 
its "Me110 World program. Ndhing worked from Reset to Program Initialization (re- 
loading the PROMS). After many attempts to bring it back with out any success, it was 
decided to warm up the chamber's temperature at l"C/min. At about - 1 4 6 O C . l  the power 
cycbg worked md the board m e  back alive with its message (Ekl10 World). At &is 
point it was decided to let the board run witbout my farther power qcling test. The 
clocks worked and &e following is a measurement of the Vcore Transient Current. 

v m n m ~ m c ~ m n t a t . ~ ~ ~  

Figure 14: ITcm Pn Rush Cmmt at -140°C 

- 1  

- 
Figure 15: V,, In Rush Current at -180°C 

As it can be observed that the Transient Current d M s h e d  until it no longer can supply 
to the board what it needs due to the low temperature. 

Next ~e~~~~~~ meas 
Temperatwe TO = -191.9"C TI = Over Loaded 
V = 3.W at llQwll V = 2.5V zit 3;Bm.A 

'F2 = Over Loaded 
V = 1 . W  at 2 1 5 d  
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The temperature was brought up to ambient and at that point, the low tempemkme test 
. It was noticed at the end ofthis test that the Transient Current was pretty 

much the same up to -160°C #nd it lasted between 25mec-3thsec at &B most. It i s  still 
a bit obscure which component in the board failed, whether it FV~ES the PROMS or the 
FPGA. Further study and test needs to be done to determine this, such as having: only the 
FPGA inside the Chamber md everything else outside at room temperature to Gorncllude 
wdb certainty that it is the FPGA the one failing at this kmper&we. 

High Temperature Test: The chamber where the Virtex Pro lI was kept closed, and 
everything was set up during the "Low Temperature Test". Figure 16- 17 show a 
spreadsheet capture of the Vmre In rush m m t  at "'Pow~T OW at various tempEWra. 

~n~~~ ~ e ~ p ~ ~ a ~ ~ ~  inside the chamber was + 45.7"C. 
Temperature TO = 4-45.7OC T1= 45.8OC T2 = 46OC 
v = 3.3v & 110mA. V = 2.W at 60mA V = 1.W at 2 1 5 d  

Next temperature measured at +WT. 
Temperature TO = 4- 80.4'C TI = + 80°C 
v = 3.3v 108mA. V = 2 9  at 6OmA 

T2 = -t- 56.3% 
V = I .5V at 23omk 

T2 = + 75.7"C 
V = 1,5V at 238mA. 

91.r- 

Figure 16: V,, In Rush Current at 80°C 

Next %emperaturn measured at +%oO"C. 
Temperature TO = f ItO1.4T 
v = 3 . w  & l1Om.A. 

T1= + 99.4"C 
V = 2.5V at 60mA 

T2 = + 93.5"C 
V = 1.W at 348mA. 
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Clocks worked without my problems. Reset, Program Initializatioq and Power cycling 
came back alright. 

Figure 17: V- 'In Rush Current at lOO"C 

Next temperature memured at +PWC. 
Temperature TO = + 120.3"CTI = + 119.3"C 
V=3.3Vat IllmA. 

T2 = -t- 119.3"C 
V = 2.5V at 6OmA v = 1.5v at 348mA. 

Clocks worked WithO~t my problem. Reset, Program Initiatliza$ion, and Power cycling 
came back alright. At &is point the b o d  reach4 its target temperature md now it is 
necessary to bring the temperature down to ambient and verify that the board is still 
working. Pretty mu& from this temperature on until it reaches +40°C, all of this test 
worked w&out any problem. 

Next temperature measured at +l 
Temperatwe TO = + 100.3"C 
V=?.3Vat IlOPnA. 

TI =+ 101.9°C T2 = + 103.4"C 
v = 1.5v at 348mA. V = 2.5V at 58mA 

Next temperature measured at +W0C. 

v = 3.3v at 108mA. 
Temperatwe TO = +- 77.a T1= + 773°C 

V = 2.W at 58mA 
T2 = + 89.4OC 
V = 1.5V at 313mA.. 

Next temperaturn mewured at f 60°C. 
Temperature TO = + 535°C TI = + 526°C 

V = 2.5V at 58mA 
T2 = + 64.2"C 
V = 1.5V at 31OmA. v = 3.3v a 110anA. 

Next temperatwe measudl at MWC. 
Temperature TO = I- 39.5"C 2'1 = + 35.8"C 
v = 3.3v at 108mA V = 2.5V at 38m4 

T2 = + 47.2OC 
V =  1.5V spt298mA. 

At this temperature the Board stopped working. The Chamber was open and it was found 
that the BNC connector that was solder to the board came undone (the clock connector). 
It is believed that the solder didn't hold well due to temperature stresdthed stress. To 
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prepare for the second attempt and to avoid the same problem as before, it was deci 
to use the 100R"M[Z oscillator chip and repeated the tests at high temperature. 

AI1 TmpePatures, Voltages and Current registered ~~ormal as well as Power cycling, 
reset md program initialization. There was a little difference between the two tests at 
high temperature in the Vcore. The Vmre for example in test 2 at + 120°C was 3 4 8 d  
€or the day one and 32'811~4 for the second day. Over all the Migh Temperature Transient 
have sharper current, take less effort to come back and last less ahan the Cold 
Temperature which is expected. Tmsient for Vcore was ~ p ~ o ~ ~ e ~ y  most of the 
time mt mound 18OmA for about 15-2Qmec. 

~~~~~g~~~~~ h a t o g  Array C O ~ ~ O X B H I ~  Tesiiiag in ExWmw ~ ~ ~ r O n m ~ ~ t s ~  We 
have tested the behavior of Gm-C filter building blocks at extreme temperatures (from - 
180°C to 120°C). We have also pdomed preliminary tests on the ~ ~ t i o n a l i ~  
recovery though changes in the voltage bias; Components tested (D 
SPAWAR wing TSMC 0.35pm technology): Operational transconductance m p l & ~  
(OTA); wide range OTA (WRTA), single-ended first oder Gm-C filter. 

OTA ~~~~~~~~~~~: Current lower and upper h i t s  reduce as the temperature reduces 
as observed in Figure 118. Device h d o n  can be recovered by increasing Vb froan 0.W 
to 0.85V as observed experimentally and shown in the Figure 19. Negative and positive 
saturation vsltBges increase as the temperature gets higher as S~QWII in Figure 20. 
Device hction catl be recovered by deaeashg Vb from 0.8V to aromd 0.75V tis 
sbm in Figure 21. 

Vb 1OV 

Yb USSV - - - Vbras: 0.8V 
Vl: 9.w 

-- V b O B N  
_-- Vb 08V 

h 

9 
w z 

vdd 31v 
vi 15v 

Figure18: Q~AS~eepISown(23~Cto-IL80~C) 
180°C 

Figure 19: OTA Bias Sweep at - 
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Figure 20: OTA Sweep Up (29C to 125°C) 

‘v(l0crt): 2v 

Figmre21: OTA Bias Sweep at 120°C 

WRTA ~ ~ a ~ ~ e ~ t i ~ ~ :  Current lowep and upper 
reduces as observed in the Figure 22. Device function can be recov 
Vb from Q.8V to 0.85V as observed the experimental shown in the Figure 23 

reduce as &e temperature 

o* 

Vdd 31V 
Vt i 5 V  
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Figure 22: WRTA Sweep Up (-180°C to ZQC) Figure 23:WRTA Bias $weep @ - 
1 8Q0G 

First Order GmC Low Pass Filter: Test the recovery through Vbias ~ a filter eir~uit 
(Figure 24); built at the board level using two chips (two OTAs); Characterize filter 
behavior at extreme temperatwes and test recovery through adjustment of bias voltage; 

1 1 c,=loPF 

i t -  il - iB '.5v 

1 !/qGrn, 7-7 
Capacitors outside the temperature 

Vbl zs chamber 1.5v 

Figure 24: First Order GmC Low Bass Filter 

G ~ g ,  fdB) 11-0c - - -~ - "-CA - - - 

15 

10 

5 

0 
I 
-5 

-10 

\ \ 

Degraded at T= -180% 

Figure 25: Filter Recovery at -1 8Q°C 

It can be observed from Figwe 25 that the filter behavior compl&dy degrades to a flat 
response when the temperature reduces below -120°C flefi graph). A p d a l  recovery of 
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the filter response was perrforrmed at -180°C though a manual local search over the 
values of Vb1 and Vb2 (right graph), The partial recovery resulted b r n  changing 
Vbl/Vb2 from 0.9WO.7V to 0.8V/0.7V. A complete recovery of the filter response 
could be obtained by sweeping Vbl and %2 using finer steps and/or implementing a 
non-local search algorithm. 

Conclusiorns and Future W-ork 

The results sumarkzed above prove the concept, yet b v e  the following limitations: 1) 
the tests were of short duration, 2) did not implement temperature cycling, 3) did not use 
the combined EHW system (DSP and FPTA) at low temperature simultaneously, 4) were 
not demonstrated on complex analog or digital circuits performing in an application. 
P ~ c ~ l ~ ~ y ,  the DSP Board worked down to -lLO°C, but fkiled for fbrther lower 
temperatures. 

Results indicate that bias voltage control adjustment is an efficient mechanism for circuit 
recovery at extreme temperatures. Small changes in the bias voltage are sufficient to 
promete fknctionality recovery of the OTA and WRTA devices tested at low and high 
temperatures; Low Pass filter recovery was also possible throu$%l changes i~ the bias 
voltages -+ more systematic search methods and/or algorithms needed to hrther improve 
recovered knction. 

Longer term goals planned for tixis effort are: demonstrate the integrated rem 
~ y - ~ c o n f i ~ r a t ~ o ~  logic h the same chip under temperatures cycles accurately 
replicating those in Moon and Mars and for longer duration and in combined 
radiatiodtemperature tests, performing a sensor processing fbnction. More specifically, 
the overall objective ofthe new effort is to d e v e l o ~ / ~ e m Q ~ ~ e  recos6gurabk analog 
eltectronics performing characteristic analog functions (Fdtering, ~ ~ l ~ ~ c ~ ~ o ~  etc) for 
extended operations in extreme environment with temperatures cycling in the range of- 
180°C and 120°C and cumulative radiation of at least 300Maad total ionizing dose (TID). 
The objective is to develop and valkhte Self Reconfigurable Electronics foe Extreme 
Environments @RE-EE) technology by demonstrating a ~ e ~ f - ~ e c ~ ~ ~ ~ r ~ ~ ~  Analog 
Array (S IC in sustained (over 20Q hours) operation at temperatures between - 
180°C and 120°C, and irradiated to 300KRad total ionizing dose ("ID). The temperabre 
r age  of -180°C and 120°C covers the temperature range for both Moon and Mars 
environments and 300KRrad TPD reflects accumulative dose during very long Mars 
missions (l0SKRad for near-term missions), or missions beyond the Moon and Mars, 
such as to Jupiter's Moons, This would validate the techology for Moon and Mars 
t ~ m p e r a ~ r e  and radiation environments and the even harsher radiation environments for 
missions beyond 
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